Abstract. a limited number of studies have revealed that adding kidneys to liver perfusion may maintain an improved physiological balance; however, the underlying mechanism remains to be elucidated. The preset study confirmed the protective role of this new model and investigated the underlying mechanisms. Methods: a total of 12 rats were randomly assigned into two groups (n=6 for each group): The kidney-liver perfusion (Kl) group and liver perfusion (lP) group. Perfusate samples were collected during the perfusion process for the analysis of pH, K+ and liver function. liver tissues were obtained for the evaluation of adenosine triphosphate (aTP), terminal deoxynucleotidyl-transferase-mediated duTP nick end labelling and immunohistochemistry of Ki67. cell cycle inhibitors, apoptosis-associated genes and signal transducer and activator of transcription 3 (Stat3) were analyzed using quantitative polymerase chain reaction and western blot analysis. results: overall pH and K + values of the KL group were significantly different from the lP group and more stable; aspartate aminotransferase, alanine transaminase and lactate dehydrogenase levels increased progressively over time in the lP group and were significantly different at different time points compared with pre-perfusion levels and the Kl group, which suggested the Kl group was superior to the lP group. in addition, Kl reduced portal vein resistance and was associated with lower aTP consumption compared with the lP group. Furthermore, liver proliferation was upregulated with the upregulation of the interleukin 6 (il-6)/Stat3 signaling pathway in Kl compared with LP. The present study revealed for the first time that KL and hypothermic machine perfusion demonstrated a more proactive repair capability by maintaining liver regeneration via the upregulation of the il-6/Stat3 signaling pathway.
Introduction
currently, liver transplantation is a first-line treatment for end-stage disease that provides long-term survival. However, with increasing demand, the shortage of donor livers has become a primary concern. Multiple strategies, including marginal grafts [donation following circulatory death (dcd) and extended criteria donor livers (ecd)], have been proposed to overcome the organ shortage. as the demand for transplanted donor organs continues to grow, hypothermic machine perfusion (HMP) has been proposed to be a beneficial alternative to static cold storage (ScS), particularly for marginal grafts.
HMP can be implemented to preserve kidney transplantation grafts. it has been indicated that HMP exhibits improved results compared with ScS. advances have been also been demonstrated in experimental and clinical liver studies.
The majority of studies have demonstrated that HMP could improve or maintain a variety of post-ischemic hepatobiliary parameters, sustain effective liver function and minimize liver damage (1, 2) . different metabolites accumulate during circulation on perfusion, despite the efforts to offset this by use of counteracting substances in order to control the biochemical environment (3, 4) . Previously, researchers have used membrane dialyzers to filter these metabolites (5) . The hypothesis that a filter organ can improve perfusion blood biochemistry has been demonstrated by adding kidney to ex vivo liver perfusion (6) . Adding a filter organ to liver circulation helps maintain a better physiological balance in the multi-organ perfusion model, which overcomes the technical challenges of extracorporeal perfusion of multiple organs and the analysis of the response of two organs to the stress states (7). , lin ZHou [1] [2] [3] and SHuSen ZHeng although a number of studies (6, 7) have provided certain information regarding kidney liver (Kl) perfusion, no studies have implicated Kl in HMP and the underlying mechanisms. The present study hypothesized that Kl perfusion is superior to liver perfusion alone in protecting liver grafts from ischemic injury. Therefore, in the present study an ex vivo Kl perfusion system was used and the initial results were presented to verify the hypothesis and investigate the underlying mechanisms.
Combined kidney-liver perfusion enhances the proliferation effects of hypothermic perfusion on liver grafts via upregulation of IL-6/Stat3 signaling

Materials and methods
Animals. in the present study, 12 adult male Sprague dawley rats (Beijing Vital river laboratory animal Technology co., ltd., 260-310 g) were used and given free access to water and standard diets and were housed in a 12-h light/dark cycle with a temperature maintained at 20-25˚C and a relative humidity of 40-60%. all experimental procedures in the present study were approved by the Ethics Committee of the First Affiliated Hospital, college of Medicine, Zhejiang university (2016-374) and were implemented in accordance with the animal research: reporting in vivo experiments guidelines (www. nc3rs.org.uk/arrive-guidelines) and the aVMa euthanasia guidelines 2013.
Experimental design. a total of 12 rats were randomly assigned into two groups (n=6 for each group). in the Kl group, kidneys and livers were preserved by HMP with oxygenated histidine-tryptophanketoglutarate solution perfusate (95% O 2 and 5% CO 2 ) for hypothermic oxygenated perfusion for 6 h. in the lP group, livers were preserved as described in the Kl group for 6 h ( Fig. 1) .
Organ retrieval and preservation. rats were anesthetized with 10% chloral hydrate (200 mg/kg, Shanghai no. 1 Biochemical and Pharmaceutical company, Shanghai, china) and none of them exhibited signs of peritonitis. The kidney and liver grafts were retrieved according to the protocols described by Mahboub et al (8) and Kamada et al (9) , respectively. after the kidney and liver were isolated, the rats were euthanized by cervical dislocation. The grafts were perfused through the dorsal penile vein with cooled saline containing 25 U/ml heparin. in the Kl group, the renal artery and ureter were cannulated, connected to the oxygenated perfusate (95% O 2 and 5% CO 2 ), recirculated and connected to liver graft via the portal vein (PV; Fig. 2 ). HMP was performed using a machine perfusion transporter that was constructed as described previously (2), which included a cryostat (DC-1015, Shanghai Bilon instrument co., ltd., Shanghai, china), a four-channel physiology recorder (Bl-420S, chengdu Taimeng Software co., Ltd., Chengdu, China) and a BT200-2J low flow peristaltic pump (Xi'an Yima opto-electrical co., ltd., Xi'an, china). The perfusion velocity was set at 5 rpm (3.5 ml/min) and the pressure of the PV was recorded using the computer.
Sample collection. at 0, 1, 3 and 6 h during the perfusion process, 2 ml perfusate samples were collected from the two groups for the analysis of pH, K + , alanine aminotransferase (alT), aspartate aminotransferase (aST), lactate dehydrogenase (ldH) and adenosine triphosphate (aTP). liver tissues were obtained at the end of the preservation and fixed in 10% neutral formalin at room temperature (18-25˚C) for 24 h for immunohistochemical analyses. The other liver tissues were stored at -80˚C for further experimental analysis.
Immunofluorescence examination and liver function tests. excised liver specimens were fixed in 4% paraformaldehyde at room temperature (18-25˚C) for 24 h prior to being paraffin-embedded and sectioned (thickness, 3 µm). The sections were deparaffinized, hydrated gradually and examined using routine Ki67 immunofluorescence staining as previously described (10) . Perfusate samples were collected for alT, aST, ldH, Bun and cr analysis using the Hitachi 7600 automatic analyzer (Hitachi, ltd., Tokyo, Japan).
ATP and portal vessel resistance (VR).
Portal Vr was equal to portal vein pressure/velocity (ml/min). aTP expression was measured using an aTP kit (Beyotime institute of Biotechnology, Haimen, china) according to the manufacturer's protocols.
Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labelling (TUNEL) assay. Identification of hepatocyte apoptosis was performed using the Tunel assay (roche diagnostics, Basel, Switzerland) as previously described (11). Briefly, the tissue sections were fixed with paraformaldehyde (4% in PBS, pH 7.4, freshly prepared) for 20 min at 15-25˚C. Then they were washed for 30 min with PBS. The slides were incubated in Permeabilization solution (0.1% Triton X-100 in 0.1% sodium citrate, freshly prepared) for 2 min on ice (4˚C). The slides were rinsed twice with PBS. Then 50 µl TUNEL reaction mixture (45 µl TUNEL Label with 5 µl TUNEL enzyme) was added to the sample. The section was incubated for 60 min at 37˚C in a humidified chamber in the dark. The slide was then rinsed 3 times with PBS. DAPI (0.5-10 µg/ml) was added and the slide incubated for 10 min at room temperature in a humidified chamber in the dark. The slide was then rinsed 3 times with PBS. apoptotic hepatocytes were examined using a fluorescence microscope at a magnification, x200.
Quantitative polymerase chain reaction (qPCR).
Total rna was derived from liver homogenates using Trizol reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA). qPCR was performed using a SYBr green Pcr kit (Takara Bio, inc., otsu, Japan). The gene expression levels of caspase 3, B-cell lymphoma-2-associated X (Bax), P21 and P27 were quantified using a 7900 Fast Real-Time PCR instrument. The following primers were used: Caspase 3, forward, 5'-CGG TAT TGA GAC AGA CAG TGG A-3' and reverse, 5'-CGC AAA GTG ACT GGA TGA AC-3'; Bax, forward, 5'-TTT GCT ACA GGG TTT CAT CCA-3' and reverse, 5'-TGT CCA GTT CAT CGC CAA T3-3'; P21, forward 5'-AAA GTA TGC CGT CGT CTG TTC-3' and reverse, 5'-AAG TCA AAG TTC CAC CGT TCT C-3'; P27, forward, 5'-ACG GAG CAG AAC CCA ACT-3' and reverse, 5'-ACC ATT AGC GTG TCC AGG-3'; and β-actin, forward, 5'-ACG GTC AGG TCA TCA CTA TCG-3' and reverse, 5'-GAG GTC TTT ACG GAT GTC AAC G-3'. Gene expression was quantified using the following conditions: 1 cycle of 95˚C for 30 sec; 40 cycles of 95˚C for 5 sec; and 1 cycle of 60˚C for 30 sec. The method of quantification was performed as previously described (12) .
IL-6, hepatocyte growth factor (HGF) and tumor necrosis factor-α (TNF-α)
. liver lysates were quantified. Protein concentrations of il-6, HgF and TnF-α were determined using the il-6 (r6000B), HgF (MHg00) and TnF-α (DY510) eliSa assay kits (r&d systems, inc., Minneapolis, Mn, uSa) according to the manufacturer's protocol.
Western blot analysis. liver tissues were homogenized in radioimmunoprecipitation assay buffer (Beyotime institute of Biotechnology). Following centrifugation (at 15,000 x g for 15 min at 4˚C), protein concentrations were quantified using a bicinchoninic acid (Bca) protein assay kit (Thermo Fisher Scientific, Inc.). Proteins (25 µg) were separated by 10% gel electrophoresis and transferred onto nitrocellulose membranes. Following blocking with skimmed milk (232100; Bd Biosciences, Franklin lakes, nJ, uSa) at room temperature (18-25˚C) for 2 h, membranes were incubated with primary antibodies at 4˚C overnight under shaking conditions. The membranes were incubated with cleaved caspase-3 (1:2,000; 9661; cell Signaling Technology, inc., danvers, Ma, uSa), caspase-3 (1:1,000; 9662; cell Signaling Technology, inc.), Bcl-2 (1:500; ab32124; Abcam, Cambridge, MA, USA), Bax (1:500; ab32503, Abcam), phosphorylated (p)-stat3 (1:2,000; 9145; Cell Signaling Technology, Inc.), total (t)-Stat3 (1:1,000; 9139; cell Signaling Technology, inc.) and β-actin (1:1,000; 4970; cell Signaling Technology, inc.) primary antibodies. Following this, the blots were washed in TBS-T and incubated with appropriate horseradish peroxidase (HrP)-linked anti-mouse (1:4,000; ab6728; abcam) or anti-rabbit (1:4,000; ab6721; abcam) secondary antibodies for 1 h at room temperature. Then these bands were visualized by chemiluminescence using an enhanced chemiluminescence kit (Pierce; Thermo Fisher Scientific, Inc.). Image J (National Institutes of Health, Bethesda, Md, uSa; version 1.48) was used for semi quantitative analysis.
Statistical analysis. Statistical analysis of the data was performed using SPSS version 20.0 (iBM corp., armonk, nY, uSa). a total of 6 animals each group were used for the experimental and experimental repeats 3 times for each animal. The data were represented as the mean ± standard error of the mean. data was analyzed using the one-way analysis of variance followed by the least squares difference or dunnett's test for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
Effects of KL on pH and K
+
. overall pH values of the Kl group were significantly different from the LP group and more stable (P<0.05). The difference resulted from a drop in the lP group at 6 h of perfusion compared with pre-perfusion levels and the KL group. Such a drop was not identified in the KL group, with no modifications during the perfusion (Fig. 3a) . The same trend was indicated regarding K + values (Fig. 3B) .
Effects of KL on liver function. alT levels increased progressively over time in the LP group. Levels were significantly different at 1, 3 and 6 h compared with pre-perfusion levels and with the KL group at the same time points (P<0.05; Fig. 3c ). aST levels also increased progressively over time in the LP group. The levels were significantly different at 6 h compared with pre-perfusion levels and with the Kl group at 1 and 6 h (P<0.05; Fig. 3D ). LDH exhibited the same trend as alT levels (Fig. 3e) .
Effects of KL on VR and ATP. The mean portal pressure of the LP and KL groups was 5 and 4.1 mmHg, respectively (Fig. 4a) . Portal Vr levels between the two groups was indicated in Fig. 4B . The KL group exhibited a significantly lower VR compared with the LP group (P<0.05). ATP levels between the two groups are presented in Fig. 4c and the higher aTP level was indicated in the Kl group compared with the lP group (P<0.05).
Effects of KL on hepatocyte apoptosis and proliferation.
No significant difference was indicated in the number of the 
Tunel
+ hepatocytes in the KL and LP groups (Fig. 5A) . Similarly, the same trend was identified in the mRNA (Fig. 5B ) and protein expression (Fig. 5C ) levels of apoptosis-associated markers (13) . notably, the percentage of Ki67 + hepatocytes was increased in the Kl group compared with the lP group (Fig. 6a) . The mrna expression levels of P21 (Fig. 6B) and P27 (Fig. 6C) were also measured, which were significantly reduced in the KL group compared with the LP group (P<0.05). # P<0.05 vs. pre-perfusion levels (0 h). lP, liver perfusion; Kl, kidney liver perfusion; ldH, lactate dehydrogenase; aST, aspartate aminotransferase; alT, alanine transaminase.
Effects of KL on hepatocyte proliferation signaling. il-6, HgF and TnF-α levels were examined in liver tissue lysates. The IL-6 levels were significantly increased in the KL group compared with the LP group (P<0.05; Fig. 7A ). However, no significant changes in the HGF and TNF-α levels were indicated between the Kl and lP groups (Fig. 7B and c) . Similarly, the same trend was identified in the protein levels of p-Stat3/t-Stat3 (Fig. 7d) . Furthermore, the present results indicated that there was no damage to the kidneys of the Kl group compared with the lP group (Fig. 8) . 
Discussion
in the present study, overall pH and K + values of the Kl group were different compared with the lP group and more stable. alT, aST and ldH levels increased progressively over time in the lP group and were different at different time points compared with pre-perfusion levels and the Kl group. The results indicated that Kl group was superior to the lP group. Kl reduced portal Vr and was associated with lower aTP consumption compared with the lP group. The results also suggested the lack of involvement of hepatocyte apoptosis. in addition, for the first time to the best of our knowledge liver proliferation was identified to be upregulated in KL compared with lP ex vivo.
over the past decade, the number of liver transplants has been relatively stagnant. notably, the requirement for surgery has expanded; however, there are few liver grafts available. Therefore, there is an urgent need to identify an effective way to increase the viability and usability of marginal grafts (dcd and ECD livers). MP has been proposed to be a beneficial alternative to ScS, particularly for marginal grafts.
Several studies have indicated that the use of HMP is associated with improved liver function and minimized liver damage (1,2). However, due to the absence of homeostatic organs, the persistence of the urea cycle and the high insulin resistance to glycogenolytic leads to a steady increase in circulating urea and glucose levels, which contributes to the steady rise of osmotic pressure in hepatic cells (14) . The more important metabolites, hydrogen ions and electrolytes, also tend to accumulate, which leads to acid-base and electrolyte balance alterations during circulation on perfusion, despite the efforts to offset these effects with the use of counteracting substances (including bicarbonate) to control the biochemical environment, which unfortunately leads to further deviations from normal physiology (15) . Previous studies have demonstrated that the kidneys synchronously participate with the liver as a natural filter of waste that accumulates during perfusion, purging the circuit and avoiding the accumulation of counteracting substances (6, 7) . in order to improve acid-base and electrolyte balance alterations that occur during perfusion, and possibly affect organ survival and function, a second organ-kidney with a homeostatic function was added to the circulation. compared with previous studies, the pH value and K + levels of the KL group were identified to be more linear and the levels were more similar over time compared with the lP group, which suggested more stable circulation conditions within the Kl group. The liver lacks any organs that control homeostatic pH (kidneys or lungs) during MP and therefore complex acid-base alterations have not yet been compensated (16) . in the Kl group, a functional kidney ensures that excess Hco 3 -is excreted into the urine. in the present study, this was suggested by the flatter appearance of the pH curve compared with the lP group. Similarly, the levels of K + in the Kl group were maintained at a greater stability compared with the separate liver circuits. However, it remains uncertain whether a more physiological environment can translate into a better-preserved organ.
Based on the effects that were observed on the pH value and K + levels during MP, whether Kl-induced physiological milieu participated in the protection against liver damage induced by ischemic injury was next examined. He et al (17) demonstrated improved hepatocyte and biliary epithelial preservation by liver-kidney normothermic machine perfusion (nMP) compared with liver nMP alone using hematoxylin and eosin, and Tunel staining. in addition, liver function tests during liver preservation following reperfusion or transplantation revealed that improved liver function was observed in liver-kidney nMP compared with liver nMP alone (18) . in agreement with this study, it was demonstrated that alT, aST and ldH levels increased progressively over time in the lP group and were different at different time points compared with pre-perfusion levels and the Kl group. Furthermore, it was also indicated that Kl was superior to lP regarding Vr and aTP levels. lack of aTP and direct inhibition at low temperatures can impair the function of na + -K + pumps, which are key components involved in preventing cell swelling. The restored aTP content has been indicated to be a good indicator of mitochondrial respiratory function and is associated with the reduction of oxidative stress. Furthermore, the poor recovery of aTP is associated with poor liver function (18) . in the present study, Kl reduced Vr efficiently, which was associated with lower ATP consumption compared with lP. This may be due to its physiological milieu.
it was speculated that the Kl-induced physiological milieu may lower liver apoptosis compared with the lP group. a TUNEL assay was used to confirm the extent of apoptosis of various cell types by detecting late events, in which major dna fragmentation occurred (19) . The results of the present study demonstrated that no significant difference was identified in the percentage of the Tunel + cells. notably, apoptosis is triggered by the pro-apoptotic protein Bax, which is transported from the cytoplasm to the mitochondria and is induced by cytochrome c. This promotes the activation of procaspase-9 and -3 (20) .
The caspase family serves an important role in apoptosis. These factors are associated with identifying and determining apoptosis in cells. caspase-3 is particularly important because it is involved in intrinsic and extrinsic apoptotic pathways (21) . in the present study, the mrna and expression levels of Bax and caspase-3 were measured, which are commonly used targets for detecting apoptosis. The results of the present study confirmed no significant difference was indicated.
Since apoptosis could not explain the protective effect of Kl, Kl-regulated hepatocyte proliferation response and cell cycle regulators was assessed. liver regeneration was evaluated using Ki67 staining. The number of Ki67 + hepatocytes was increased in the Kl group compared with the lP group. Furthermore, the expression levels of P21 and P27, which are known cell cycle inhibitors were measured. The mrna expression levels of P21 and P27 were reduced in the Kl group compared with the lP group. The results indicated that Kl induced regeneration, not apoptosis and exhibited a better protective effect against liver injury compared with lP.
TnF-α and il-6 are the major cytokines that can trigger normally quiescent hepatocytes to enter cell cycle arrest due to liver injury (22) . HgF, which is synthesized in response to il-6 in the liver, is also a key factor for liver growth and function (23) . examination of cytokine production in the liver revealed that the il-6 levels under combined perfusion were raised compared with liver perfusion alone. However, no significant changes of HgF and TnF-α were observed between the two groups. notably, il-6 stimulates compensatory hepatocyte proliferation by activating Stat3, which serves a key role in hepatocyte proliferation during liver regenerative responses (24) . accordingly, the protein expression levels of Stat3 were measured. The present results revealed the same trend as indicated for the il-6 levels. These results suggested that Kl induced liver regeneration by upregulating the il-6/Stat3 signaling pathway.
There are several limitations including the lack of a control group-ScS, which was demonstrated in the authors' previous study that HMP is superior to ScS in maintaining the architecture and function of liver grafts (2) , and the lack of blood coagulation and bilirubin measurements to assess liver function. Further future experiments validating the participation of the proposed signaling pathway is also needed. nevertheless, this study provides clear clues for future studies.
in conclusion, different metabolites tend to accumulate during circulation on perfusion, despite the efforts to offset by use of counteracting substances to control the biochemical environment. Previously, researchers used the membrane dialyzers to filter these metabolites. Then the hypothesis that a filter organ can better improve perfusion blood biochemistry has been identified by adding a kidney to the ex vivo liver perfusion. adding this filter organ to the liver circulation helps maintain a better physiological balance in the novel multi-organ perfusion model, which overcomes the technical challenges of extracorporeal perfusion of multiple organs and the analysis of the response of two organs to the stress states. To the best of our knowledge this study revealed for the first time that combined Kl HMP provided a more proactive repair capability by maintaining liver regeneration via upregulation of the il-6/Stat3 signaling pathway. accordingly, this Kl HMP model could be a potentially important strategy for biochemical reconditioning of the grafts and may be potentially applicable in clinical practice.
